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S1 Supplementary Text
S1.1 Characterization.
Scanning electron microscope (SEM) was conducted with Apreo S HiVac-ThermoFisherScientific (FEI). A Nicolet-560 spectrophotometer (Nicol, US) was used for Fourier transform infrared (FTIR) spectroscopy analysis of the samples in the range of 4000-500 cm-1. The surface elemental composition and all binding energies were measured by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi) with Al Kα monochromatic X-ray sources, and data were analyzed via the Thermo Scientific Avantage software to confirm the surface chemical structures and metal contents. Raman spectra were acquired on XploRA PLUS (HORIBA). X-ray absorption spectra (XAS) were collected on the beamline BL07A1 in NSRRC (National Center for Synchrotron Radiation Research). The radiation was monochromatized by scanning a Si (111) double-crystal monochromator. Catalysts were pressed into thin slices and positioned at 90° to the incident beam in the sample holder. X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure spectra (EXAFS) data reduction and analysis were processed by the Athena software. The X-ray diffraction (XRD) patterns were used to analyze the crystal structures of the catalysts via a Bruker D8 Focus X-ray diffractometer with Cu Kα radiation for a 2θ range of 10-80°. The aberration-corrected high-angle annular dark-field scanning TEM (AC HAADF-STEM) was performed on a JEOL JEM-ARM 200F scanning transmission electron microscope equipped with a 5 cold field emission electron source and a DCOR probe corrector (CEOS GmbH), a 100 mm2 JEOL Centurio EDX detector. Electron paramagnetic resonance (EPR) measurements were performed via the Bruker EPR EMX Plus.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]S1.2 Peroxidase (POD)-mimetic activity measured by 3,3',5,5'-tetramethylbenzidine (TMB) assay.
The material solution (10 mg/mL, 5 μL) was added to a NaOAc-HOAc buffer (100 mM, pH 4.5). Then, 24 μL of TMB (10 mg/mL) and 25 μL of H2O2 (0.1 M) were added, respectively. The final volume of the mixture was 2 mL. Then, a portion of the mixture was used for UV-visible spectroscopy measurements at an absorbance of 652 nm.
S1.3 Steady-state enzyme kinetic studies.
The Michaelis-Menten constant was calculated based on the Michaelis-Menten saturation curve. For each H2O2, the initial reaction rates (V0) were calculated from the absorbance variation using the Beer-Lambert Law (Equation (S1) (with an ε of 39,000 M−1 cm−1 for oxTMB, where c indicates the oxTMB concentration and l cm for the length of the solution in the light path). The reaction rates were then plotted against their corresponding H2O2 and then fitted with the Michaelis–Menten curves. Furthermore, a linear double-reciprocal plot (Lineweaver–Burk plot, Equation (S2)) was used to determine the maximum reaction velocity (Vmax) and Michaelis constant (Km). Furthermore, the turnover number (TON) was calculated according to Equation (S3).
                                           (S1)
                             (S2)
                                           (S3)
[S] is the concentration of H2O2, and [E0] is the molar concentration of metal in nanozymes.
S1.4 Detection of superoxide anions (•O- 2) by dihydroethidium (HE) probe.
HE was a specific probe that could react with O2- to produce fluorescent ethidium. First, 1.5 mL of 100 μg·mL-1 of materials-buffer solution (1.0 M acetate buffer (pH 4.5)) was mixed with 1.5 μL of 0.1 M H2O2 at 37 ℃ for 40 min. Then, 1.5 mL of HE-ethanol solution (1 mg/mL) was added to the system. Afterward, the solution was vortexed and left undisturbed for 40 min before fluorescence measurement.
S1.5 Detection of singlet oxygen (1O2) by 9,10-diphenanthraquinone (DPA).
The 50 μg/mL material buffer solution (1.0 M acetate buffer, pH 4.5) was mixed with 1 μg/mL DPA at a volume ratio of 1: 40, followed by the analysis using a UV-vis spectrophotometer. The relative absorbance changes of DPA at 378 nm were used to quantify the decomposition rate.
S1.6 Catalase-like (CAT-like) Activity Assay. 
O2 generation assay. A total of 100 mM of H2O2 and 10 μg/mL of materials were mixed in PBS (pH = 6.5) to 20 mL, followed by measuring the O2 concentration using a dissolved oxygen meter (INESA, JPSJ-605F) every 5 s until 300 s.
S1.7 EPR measurement.
[bookmark: _GoBack]The generation of 1O2 was evaluated by an EPR spectrometer using TEMP spin-trapping adduct in NaOAc-HOAc buffer (100 mM, pH 4.5). 10 μL of biocatalysts (10 mg/mL, NaOAc-HOAc buffer) and 10 μL of H2O2 (10 M) were added into a 0.5 mL buffer, and then 10 μL TEMP was added.
The generation of •O2- was evaluated by an EPR spectrometer using DMPO spin-trapping adduct in DMSO solvent. 10 μL of biocatalysts (10 mg/mL, DMSO) and 10 μL of H2O2 (10 M) were added to a 0.5 mL DMSO, and then 10 μL DMPO was added. 
S1.8 X-ray-activated enzyme-like activity. 
A stock solution of o-phenylenediamine (OPD) was prepared by dissolving 10 mg of OPD in 1 mL of DMF. For the catalytic reaction, 10 μL of H2O2 (0.1 M), 24 μL of the OPD stock solution, and 20 μL of each material suspension (4 mg/mL) were sequentially introduced into 1925 μL of NaOAc/HOAc buffer (100 mM, pH 5.5). An aliquot of 200 μL from the mixture was dispensed into a 96-well plate. The samples were then exposed to 6 Gy of X-ray irradiation, after which the maximum absorption wavelength at 448 nm was recorded.
S1.9 In-situ FTIR measurement.
In-situ FTIR measurements were performed on an infrared spectrometer (Nicolet iS50, Thermo  Fisher Scientific Inc., USA) equipped with a liquid nitrogen-cooled MCT detector. The catalyst was filled into an in situ infrared holder in the chamber. Before the measurement, the chamber was degassed under argon flow at a rate of 6 Lmin-1 for 10 min. Then, NaOAc-HOAc buffer and H2O2 were added to the reactor with the sample, and the reaction was recorded in 10 min.
S1.10 Density functional theory (DFT) calculation.
All theoretical calculations were performed using the DFT method, as implemented in the Vienna ab initio simulation package (VASP) [S1–S3]. The core electrons were described using the spin-polarized projector augmented wave (PAW) method [S4], and the electron exchange and correlation energy was treated within the generalized gradient approximation in the Perdew-Burke-Ernzerhof functional (GGA-PBE) [S5]. The valence states of all atoms were expanded in a plane-wave basis set with a cutoff energy of 500 eV. The convergence criteria for the electronic self-consistent iteration and force were set to 10-5 eV and 0.02 eV/Å. Van der Waals (vdW) corrections with zero damping DFT-D3 method of Grimme were used in all structures [S6, S7]. The charge density differences were evaluated using the formula , where  is the electron density of X. Atomic charges were computed using the atom-in-molecule (AIM) scheme proposed by Bader [S8, S9]. 
To explore the catalytic effect, the change of Gibbs free energy (ΔG) was calculated, which is defined as:

where ΔE is the energy change obtained from DFT calculations; ΔZPE, ΔH, and ΔS denote the difference in zero-point energy, enthalpy, and entropy due to the reaction, respectively. The enthalpy and entropy of the ideal gas molecule were taken from the standard thermodynamic tables, and some of the calculation results were analyzed by the VASPKIT package [S10].
S1.11 Cell lines and animals
The CT26 and 4T1 cell line was originally obtained from the American Type Culture Collection (ATCC), and the SCC7 cells were kindly provided by Dr. Lei Dai (West China Hospital, Sichuan University). Cells were cultured in RPMI 1640 medium (Gibco) containing 1% penicillin (Boster), 1% streptomycin (Boster), and 10% fetal bovine serum (FBS, VivaCell) at 37 °C in 5% CO2-humidified air. For subsequent experiments, cells were cultured in hypoxic conditions after seeding in an anaerobic chamber (Thermo Scientific, USA; 94.5% N2, 5% CO2, and 3% O2). Female BALB/c mice (6-8 weeks old) were obtained from Jiangsu Gempharmatech Co., Ltd. and housed in a specific pathogen-free (SPF) facility. The animal experiments were approved by the Institutional Animal Care and Use Committee of West China Hospital, Sichuan University (Approval No. 20241017001).
S1.12 Apoptosis/necrosis assays.
CT26 cells were seeded in 6-well plates and incubated overnight. The cells were then treated with PBS, MM, or IMM for 4 hours, followed by irradiation with X-rays at a dose of 6 Gy. After a 48-hour incubation, cell apoptosis was assessed using the Annexin V-FITC/PI apoptosis kit (4A BIOTECH, China) and analyzed by flow cytometry. 
S1.13 Live/Dead assay. 
CT26 cells were seeded in 24-well plates and cultured overnight. The cells were then treated with PBS, MM, or IMM for 4 hours, followed by X-ray irradiation at a dose of 6 Gy. After a 48-hour incubation, cell viability was assessed using the Calcein/PI Live/Dead Viability Assay Kit (Beyotime, China), and images were captured using the Olympus IX83 Live Microscope (Olympus Life Science, Japan).
S1.14 Clonogenic assay. 
CT26 cells were cultured in 6-well plates overnight and incubated with PBS, MM, or IMM for 4 h, followed by irradiation with 0, 4, 6, and 8 Gy X-ray. Cells were trypsinized and counted immediately. 400–3000 cells were seeded in a 6-well plate and cultured for 8 days. Fix and stain colonies, then manually count the number of colonies.
S1.15 Cell migration assays. 
Cell migration was assessed using 6.5-mm Transwell chambers with 8.0 μm pores (Labselect, China) made of polyethylene terephthalate. A total of 8 × 104 CT26 cells were pre-incubated with PBS, MM, or IMM, followed by irradiation. After 24 hours of incubation, the non-migratory cells on the upper side of the membrane were gently removed. The migratory cells were then fixed with 4% formaldehyde, stained with 0.1% crystal violet, and counted.
S1.16 Intracellular reactive oxygen species (ROS) detection. 
ROS production was assessed using the DCFH-DA probe (Beyotime, China). After treatment, CT26 cells were incubated with DCFH-DA (10 μM) for 30 minutes, then imaged with the Olympus IX83 Live Microscope (Olympus Life Science, Japan). For quantitative ROS analysis, cells from different treatment groups were collected, stained with DCFH-DA (10 μM), and analyzed by flow cytometry to measure ROS levels.
S1.17 The mitochondrial membrane-permeable dye JC-1 staining. 
CT26 cells were cultured overnight in six-well plates and incubated with PBS, MM, or IMM for 4 h, followed by irradiation with X-rays at 6 Gy. After 24 h, the cells were stained with the mitochondrial membrane potential assay kit (JC-1; Beyotime, China) and quantified by flow cytometry in three independent runs for statistical analysis. 
S1.18 γ-H2AX immunofluorescence assay. 
CT26 cells were pre-seeded in a 96-well plate and incubated overnight. The cells were then treated with PBS, MM, or IMM for 4 hours, followed by 6 Gy of X-ray irradiation. After irradiation, γ-H2AX immunofluorescence staining was performed using a DNA damage assay kit (Beyotime, China). The stained cells were visualized and imaged using an Olympus IX83 Live Microscope (Olympus Life Science, Japan).
S1.19 Detection of immunogenic cell death biomarkers. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]The expression of high mobility group protein box 1 (HMGB1) and calreticulin (CRT) was examined using immunofluorescence assays. CT26 cells, subjected to various treatments, were subsequently cultured under hypoxic conditions for 48 hours. Following fixation with 4% formaldehyde, samples intended for HMGB1 detection underwent an additional 3-minute permeabilization step with 0.5% TritonX-100 (Beyotime, P0096). Subsequently, cells were blocked with 1% bovine serum albumin (BSA) and then incubated overnight at 4 °C with either CRT antibody (ab92516, abcam, 1/500) or HMGB-1 antibody (ab79823, abcam, 1/250), followed by incubation with a secondary antibody for 1 hour. Prior to imaging, cell nuclei were stained with DAPI for ten minutes. Additionally, supernatants were collected from CT26 cell cultures across different experimental groups, and the released ATP content was quantified using an enhanced ATP assay kit (Beyotime, China).
S1.20 Detection of oxygen generation. 
The oxygen probe [Ru(bpy)3]Cl2 was used to detect the generated oxygen. CT26 cells subjected to different treatments were incubated with [Ru(bpy)3]Cl2 for 1 hour and imaged using an Olympus IX83 live-cell microscope (Olympus Life Science, Japan).
S1.21 Detection of HIF-1α expression. 
Immunofluorescence staining was performed to assess HIF-1α expression. After various treatments, cells were fixed with 4% formaldehyde, permeabilized with Triton X-100, and blocked with 1% BSA. Afterward, cells were incubated overnight at 4 °C with HIF-1α antibody (Ab179483, Abcam, 1/500), followed by a 1-hour incubation with the secondary antibody. Cell nuclei were stained with DAPI for 10 minutes prior to imaging.
S1.22 Tumor models and treatment experiments. 
To establish a unilateral tumor model, we subcutaneously injected 5×105 CT26 cells or 1×106 4T1 cells into the right flank of female BALB/c mice (6-8 weeks). Treatment began when the tumor size reached 80-100 mm3. The mice were randomly divided into six groups: control, MM, IMM, RT, RT+MM, and RT+IMM. Four hours before RT, mice in each group received intratumoral injections of PBS/MM/IMM. For groups undergoing RT, mice were anesthetized and placed in individual lead boxes to expose the tumor area to irradiation while shielding the rest of the body. Radiotherapy was administered using an X-ray irradiator (Rad Source RS2000) with parameters set at 160 KV and 25mA. Following treatment, tumor size and body weight were measured every other day. Tumor volume (mm3) was calculated using the formula (length × width2) × 0.5. Euthanasia was performed if the tumor volume exceeded 2000 mm3 or if signs of distress were observed.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]To establish a bilateral tumor model, we subcutaneously injected 5×105 CT26 cells into the right flank of female BALB/c mice as the primary tumor and 5×104 cells into the left flank as the distant tumor. Treatment began when the tumor size reached 100-150 mm3. The mice were randomly divided into five groups: control, RT, RT+IMM, RT+anti-PD-1, and RT+MM+anti-PD-1. Four hours before RT, mice in each group received intratumoral injections of PBS/ IMM in the primary tumor. For mice in groups receiving anti-PD-1 treatment, anti-PD-1 was administered via intraperitoneal injection (20 mg/kg on Day 0, 10 mg/kg on Day 1 and Day 2). The RT of the primary tumor, the subsequent monitoring of bilateral tumors, and the survival duration were the same as those of the aforementioned procedures.
To specifically evaluate long-term antitumor immune memory, an immune memory model was established using mice bearing unilateral CT26 tumors. Following treatment with RT+IMM in combination with anti-PD-1, animals that achieved sustained complete regression of the primary tumor, which was defined a priori as the absence of detectable tumor throughout the entire observation period, were designated as immune memory–competent and enrolled for subsequent tumor rechallenge experiments. Mice exhibiting residual or progressive tumors were not included in the rechallenge phase because they did not fulfill the predefined criteria for immune memory evaluation. Age- and sex-matched naive mice were set up as a control group. On day 90, a tumor rechallenge was conducted by inoculating 5×105 CT26 tumor cells into the left flank of both the effective treatment model and naive mice. The subsequent monitoring of bilateral tumors and survival duration was the same as the aforementioned procedures.
To establish a humanized patient-derived xenograft (PDX) model, tumor tissue was obtained from a 32-year-old Han Chinese male with recurrent laryngeal squamous cell carcinoma following 33 sessions of RT at West China Hospital, Sichuan University. Demographic and clinical data were retrieved from the electronic medical records. Immediately after surgical resection, the fresh tumor specimen was placed on ice, immersed in MACS® Tissue Storage Solution (Miltenyi Biotec, Cat. No. 130-100-008), and delivered to the laboratory within two hours. Under sterile conditions, necrotic areas were removed, and viable tissue was cut into 3×3×3 mm3 fragments. For short-term use, samples were stored at 4°C; for long-term preservation, they were cryopreserved in liquid nitrogen using a solution of 10% DMSO and fetal bovine serum. The tumor fragments were then subcutaneously implanted into the right flank of NOD-SCID mice to establish F1-generation PDX models. After the tumors grew to a volume of 1000 mm3, they were propagated in a second generation of BALB/c nude mice (F2) and subsequently transferred to a third generation (F3) of mice for experimental purposes. Treatment began when the tumor size reached 80-110 mm3. The mice were randomly divided into three groups: control, IMM, RT, and RT+IMM. Four hours before RT, mice in each group received intratumoral injections of PBS/ IMM. For groups undergoing RT, mice were anesthetized with 1% pentobarbital sodium (100μL per 18g body weight) and placed in individual lead boxes to expose the tumor area to irradiation while shielding the rest of the body. RT was administered using an X-ray irradiator (Rad Source RS2000) with parameters set at 160 KV and 25mA. Following treatment, tumor size and body weight were measured every three days. All procedures were conducted in accordance with institutional guidelines and approved by the Ethics Committee on Biomedical Research, West China Hospital of Sichuan University (Ethics Approval No. 20211673), and comply with the WMA Declaration of Helsinki. Written informed consent was obtained from all patients involved.
S1.23 Flow cytometry analysis. 
The isolated tumor tissues or spleens were digested into single-cell suspension and pre-incubated (30 min) with FVS440UV (BD, Catalog No. 566332, 1:1000). Subsequently, the cell suspension was incubated with purified Rat Anti-Mouse CD16/CD32 (BD, Catalog No. 553141, 0.5 μg per test) to block nonspecific binding, and then stained with anti-CD45-APC-CY7 (Catalog No. 557659), anti-CD3-BUV395 (Catalog No. 563565), anti-CD4-BUV661 (Catalog No. 741461), anti-CD8-BV771 (Catalog No. 563046), anti-CD69-PE-CY7 (Catalog No. 552879), anti-CD279-BV650 (Catalog No. 744546), anti-CD44-PerCP-Cy5.5 (Catalog No. 560570), anti-CD62L-FITC (Catalog No. 561917), anti-CD11c-BUV563 (Catalog No. 749091), anti-MHC II-R718 (Catalog No. 752163). All antibodies were diluted to the working concentration of 0.2 μg per test. Finally, the stained cells were filtered and detected by FACS FCM (BD, FACSymphony A5) and analyzed by Flowjo software (10.8.1).
S1.24 In vivo histopathological analysis. 
Tumor tissues and organs (heart, liver, spleen, lung, and kidney) collected from mice were fixed in 4% formalin for 48 hours, then embedded in paraffin, and sectioned into 4 μm slices. The slides were subjected to hematoxylin and eosin (H&E) staining and the TUNEL assay following established protocols from previous studies. For immunofluorescence, tissue sections were first treated with γ-H2AX (GB111841, Servicebio, 1/100), followed by labeling with Cy3-conjugated goat anti-rabbit IgG (GB21303, Servicebio,1/300). Another set of tissue sections was treated with Ki67 (GB111141, Servicebio, 1/500) and labeled with Cy3-conjugated goat anti-rabbit IgG (GB21303, Servicebio, 1/300). For multiplex immunofluorescence (mIF), tissue sections were treated with mIF antibodies against CD8 (GB15068, Servicebio, 1/1000), CD11c (GB11059, Servicebio, 1/1000), α-SMA (19245, CST, 1/200), CD31 (ab182981, abcam, 1/500), and HIF-1α (NB100-105, Novus, 1/100). After incubation with peroxidase (HRP)-conjugated secondary antibodies, signals were developed using tyramide signal amplification (TSA) with appropriate fluorophores, followed by nuclear counterstaining with DAPI.
S1.25 In vivo biocompatibility study.
Blood samples were obtained from mice on the 12th day after treatment and analyzed for biochemical parameters by Lilai Biotechnology Co., Ltd. (Chengdu, China). Simultaneously, key organs—including the heart, liver, spleen, lungs, and kidneys—were harvested, fixed, embedded in paraffin, sectioned, and subjected to H&E staining following standard procedures. Histological images were captured using the Olympus VS200 imaging system (Olympus Life Science, Japan).
S1.26 In vivo biodistribution study.
Computed Tomography (CT) imaging (NEMO micro-CT, Pingseng Scientific, China) was performed on BALB/c mice with CT26 tumors that had received intratumoral injections of IMM. The scans were conducted at five time points: before injection and at 4 hours, 6 days, 12 days, and 18 days post-injection. Additionally, DICOM images from the CT scans were processed and reconstructed into three-dimensional models using Imaris software (version 10.2). Furthermore, organ samples (heart, liver, spleen, lungs, and kidneys) and metabolic excreta (urine and feces) were collected 6, 12, and 18 days post-injection. Each sample was weighed, treated with aqua regia, and incubated at 80 °C until completely dissolved. The supernatant was then extracted and analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7850) to determine iridium levels.
S1.27 RNA-seq and bioinformatics analysis. 
Total RNA was extracted from tumor tissues using TROzol Reagent (Thermo Fisher, 15596018) according to the manufacturer's protocols. RNA sequencing analysis was conducted by LC-Bio Technology Co., Ltd., Hangzhou, China. Statistical analyses, including principal component analysis (PCA), differential gene expression, KEGG pathway analysis, and GO enrichment analysis, were performed using the DESeq2 and clusterProfiler packages.
S1.28 Statistical analysis.
The quantitative data were expressed as mean ± S.D. Statistical differences were calculated by GraphPad Prism software (version 10) using unpaired student’s t-test or one-way analysis of variance (ANOVA) when comparing two or multiple groups, respectively.

S2 Supplementary Figures
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Fig. S1 XRD spectra of IMM and MM.

[bookmark: _Hlk229059874][image: ]
Fig. S2 HAADF-STEM image of IMM, showing the spiky morphology indicated by yellow arrows.
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Fig. S3 SEM images of a) IMM, b) MM.
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Fig. S4 Dynamic light scattering analysis of a) MM and b) IMM was conducted in deionized water (n = 3 independent experiments, data are presented as mean ± SD). 
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Fig. S5 HAADF-STEM images and Ir nanoclusters’ size distribution in IMM.
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Fig. S6 XPS survey scan spectra of IMM and MM.
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Fig. S7 High-resolution XPS spectra of O 1s of IMM and MM.
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Fig. S8 High-resolution XPS spectra of C 1s of IMM and MM.
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Fig. S9 Valence analysis of Ir species in IMM.


[bookmark: _Hlk229669066][image: ]
Fig. S10 Theoretical structure model of IMM. Atomic color coding in the structure: Ir, yellow; Mn, blue; C, gray; O, red; and H, white.
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[bookmark: _Hlk229664425]Fig. S11 Experimental and fitted EXAFS spectra of a) Ir foil and b) IrO2.
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[bookmark: OLE_LINK59][bookmark: OLE_LINK60]Fig. S12 POD-like activities employing TMB-based UV–vis spectra in the presence of horseradish HRP and biocatalytic materials.
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[bookmark: OLE_LINK67][bookmark: OLE_LINK68]Fig. S13 Detection of ROS generation using OPD (n = 5 independent replicates). 
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[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Fig. S14 Annexin V/PI analysis of CT26 cells. Cells were incubated with PBS, MM, and IMM, with and without X-ray irradiation at a dose of 6 Gy. The graphs show the percentage of cells in each quadrant. Error bars represent standard deviation values. Experiments were repeated independently three times with similar results (n = 3 independent replicates).

[image: ]

Fig. S15 Live/dead analysis of CT26 cells after different treatments. a) Representative fluorescence images from Live/dead analysis of CT26 cells after different treatments (Green: live cells; Red: dead cells; scale bar = 100 μm). Experiments were repeated independently three times with similar results. b) The graph shows the percentage of dead cells in different groups (n = 3 independent replicates).
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Fig. S16 Clonogenic assay. a) Representative images from the Clonogenic assay of SCC7 cells after different treatments. Experiments were repeated independently three times with similar results. b) The graph shows the radio-enhancement effect of MM and IMM on SCC7 cells (n = 3 independent replicates).
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Fig. S17 Transwell migration assay. a) Representative images display the migration of CT26 cells (scale bar = 100 μm). Experiments were repeated independently three times with similar results. b) The graph shows the number of migrated cells in different groups (n = 3 independent replicates). 
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Fig. S18 ROS production in CT26 cells after different treatments. a) Representative images show ROS generation across different groups (scale bar = 100 μm). Experiments were repeated independently three times with similar results. b) The cells were collected to evaluate ROS generation in CT26 using quantitative flow cytometric analysis.
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Fig. S19 Intracellular ATP concentration (n = 3 independent replicates).
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Fig. S20 The oxygen generation of MM/IMM. The O2 generated by different treatments was probed with [Ru(bpy)3]Cl2. The red fluorescence is inversely dependent on the concentration of oxygen (scale bar = 100 μm). Experiments were repeated independently three times with similar results.
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Fig. S21 γ-H2AX immunofluorescence assay. Representative γ-H2AX immunofluorescence images of each treatment group (scale bar = 100 μm) and quantification of mean γ-H2AX fluorescence intensity across groups. Experiments were repeated independently three times with similar results.
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[bookmark: OLE_LINK79][bookmark: OLE_LINK80]Fig. S22 γ-H2AX immunofluorescence analysis at multiple post-treatment time points. a) Representative γ-H2AX immunofluorescence images of each treatment group at the indicated time points (scale bar = 100 μm). Experiments were repeated independently three times with similar results. b) Time-course curves of mean γ-H2AX fluorescence intensity in each group (n = 3 independent replicates). c) Quantification of mean γ-H2AX fluorescence intensity across groups at the corresponding time points (n = 3 independent replicates).
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Fig. S23 Representative images of CT26 subcutaneous tumors harvested on day 12 after treatment with saline, MM, IMM, or combined with radiotherapy (n = 5 biologically independent mice per group). Experiments were repeated independently three times with similar results. 
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Fig. S24 a) Average tumor growth curves and b) tumor weight of CT26 tumor-bearing mice after different treatments (n = 5 biologically independent mice per group).

[image: ]
Fig. S25 In vivo safety evaluation of different treatments. a) Body weight changes of BALB/c mice after treatments (n = 5 biologically independent mice per group). b) Representative H&E-stained tissue sections from each group (scale bar = 100 μm). Experiments were repeated independently three times with similar results. 
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Fig. S26 In vivo antitumor efficacy evaluation of different treatments. Representative H&E-stained, TUNEL assay, γ-H2AX detection, and Ki67 detection tissue sections from each group (scale bar = 100 μm). Experiments were repeated independently three times with similar results. 
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[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Fig. S27 Results of blood chemistry parameters from mice after different treatments (n = 3 biologically independent mice per group). Blood chemistry parameters include white blood cell (WBC), red blood cell (RBC), platelet count (PLT), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatinine (CREA). 
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Fig. S28 Representative flow cytometric analysis and relative quantification of CD8+PD-1+T cells (n = 5 biologically independent mice per group).
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Fig. S29 Quantification of serum cytokines (TNF-α, IL-6, IFN-β, and IFN-γ) in mice following different treatment regimens (n = 5 biologically independent mice per group).
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Fig. S30 Tumor weight of CT26 tumor-bearing mice after different treatments.
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Fig. S31 In vivo safety evaluation of different treatments. a) Body weight changes of BALB/c mice after treatments (n = 5 biologically independent mice per group). b) Representative H&E-stained tissue sections from each group (scale bar = 100 μm). Experiments were repeated independently three times with similar results. 
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Fig. S32 Representative H&E-stained tissue sections from each group in humanized PDX models (scale bar = 100 μm). Experiments were repeated independently three times with similar results. 
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Fig. S33 In vivo evaluation of antitumor efficacy for different treatments in a mouse breast cancer model. Representative images of H&E-stained (scale bar = 200 μm), TUNEL assay, γ-H2AX detection, and Ki67 detection tissue sections from each group (scale bar = 100 μm). Experiments were repeated independently three times with similar results. 

S3 Supporting Tables
Table S1 The content of the Mn oxidation state for different samples was determined by XPS spectra.
	Samples
Content (%)
	MM
	IMM

	Mn2+
	48.28
	41.11

	Mn4+
	35.37
	42.24

	Sat.
	16.35
	16.65



Table S2 Comparison of the kinetics of IMM and Ir/C.

	
	E0 (µM)
	Vmax (µM s-1)
	Km (mM)
	TON (×10-3 s-1)

	IMM
	17.6
	2.37
	0.22
	134.7

	Ir/C
	19.7
	1.44
	1.49
	73.2



Table S3 Extended X-ray absorption fine structure (EXAFS) fitting parameters at the Ir L-edge for various samples (Ѕ02 = 0.73).
	Sample
	Shell
	Na
	R(Å)b
	σ2(Å2)c
	ΔE0(eV)d
	R factor

	Ir foil
	Ir-Ir
	12.00
	2.71
	0.0029
	8.247
	0.017

	IMM
	Ir-O
	2.93
	2.00
	0.0051
	10.00
	0.021

	
	Ir-Ir
	6.33
	2.68
	0.0059
	
	

	
	Ir-Mn
	4.00
	3.70
	0.0553
	
	

	IrO2
	Ir-O
	6.68
	1.98
	0.0030
	11.61
	0.021

	
	Ir-Ir
	2.50
	3.13
	0.0025
	
	


aN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner potential correction. R factor: goodness of fit. Ѕ02 was set to 0.73, according to the experimental EXAFS fit of Ir foil by fixing coordination number as the known crystallographic value.

Table S4 Comparison of the POD-mimetic catalytic kinetic constants of IMM to H2O2 and other reported artificial enzymes.
	[bookmark: _Hlk168739670]Biocatalysts
	Vmax (μΜ s-1)
	TON (10-3 s-1)
	Ref.

	IMM
	[bookmark: _Hlk189158449]2.37
	[bookmark: _Hlk189158419]134.7
	This work

	Cu-AME
	0.81
	101.04
	[S11]

	Fe-AME
	1.01
	98.65
	[S11]

	Fe SAEs
	0.083
	77.10
	[S12]

	Fe-Art-M
	0.115
	74.00
	[S13]

	Ir/C
	1.44
	73.2
	This work

	RuNC/BTO
	0.319
	63.29
	[S14]

	Ir-AME
	0.370
	54.18
	[S11]

	IrNCs@Ti-MOF
	1.700
	39.64
	[S15]

	V-Art-M
	0.051
	27.30
	[S13]

	VOx-AE
	0.260
	26.00
	[S16]

	V-Fe2O3
	1.070
	22.38
	[S17]

	a-RuS2
	2.980
	16.30
	[S18]

	Cu2O-CNx@CeO2
	0.484
	14.67
	[S19]

	Pt hollow nanodentrites (Pt HNs)
	0.100
	14.14
	[S20]

	Pd@Pt core-frame nanodendrities
(Pd@Pt CFNs)
	0.090
	12.857
	[S20]

	V2O5
	0.126
	9.000
	[S16]

	Ru NPs
	0.580
	5.86
	[S21]

	Cu(OH)2
	0.340
	3.332
	[S22]

	Cu NPs
	0.09
	3.30
	[S23]

	CeO2
	0.180
	3.096
	[S22]

	CuO
	0.280
	2.226
	[S22]

	Pt NCs
	0.182
	1.366
	[S24]

	Fe3O4
	0.160
	1.237
	[S22]

	Fe2O3
	0.068
	0.544
	[S22]

	ZnO
	0.07
	0.27
	[S16]
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